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Abstract
Cockayne syndrome (CS) is a human hereditary disorder characterized by UV sensitivity, developmental abnormalities and premature
aging. CS cells display a selective deficiency in transcription-coupled repair (TCR), a subpathway of nucleotide excision repair (NER) that
preferentially removes lesions from transcribed strands. Following UV irradiation, the recovery of RNA synthesis is abnormally delayed in
CS cells in conjunction with TCR deficiency. To date, TCR has been detected in cultured cells, but not in cell-free systems. In this study, we
constructed an assay system using isolated nuclei. RNA synthesis catalyzed by RNA polymerases (pol I and II) was measured in nuclei
prepared from UV-irradiated cells. In nuclei isolated from HeLa and xeroderma pigmentosum (XP) group C cells, RNA synthesis was
relatively resistant to UV irradiation. In contrast, RNA synthesis by pol I and, in particular, pol II in CS-B nuclei was significantly inhibited
upon UV irradiation. Our data support the utility of this assay system for the in vitro detection of the recovery of RNA synthesis in cultured
cells.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Nucleotide excision repair (NER) is one of the most
important repair pathways in living organisms. UV-induced
damage (cyclobutane pyrimidine dimer (CPD) and [6-4]
photoproducts) and some chemical bulky adducts are
repaired by this pathway. Two NER subpathways have been
recognized to date: (i) transcription-coupled repair (TCR)
and (ii) global genome repair (GGR). UV-induced CPDs are
preferentially removed from the transcribed strands of tran-
scriptionally active genes by the TCR pathway, whereas the
GGR pathway is responsible for the repair of inactive
regions of genomic DNA. The TCR pathway is evolution-
ally conserved in a variety of organisms, including Escher-
ichia coli, Saccharomyces cerevisiae and mammals [1–4].
In mammals, NER defects are closely associated with
human autosomal recessive diseases, such as xeroderma
pigmentosum (XP) and Cockayne syndrome (CS) [5].
Patients with XP exhibit high sensitivity to sunlight which
is associated with a strong predisposition to skin cancer and
frequently, progressive neurodegeneration. Cell comple-
mentation studies reveal that NER-deficient XP can be
classified into seven complementation groups (XP-A to
XP-G). Patients with CS suffer from UV sensitivity, devel-
opmental abnormalities and premature aging. However,
unlike XP, no significant skin cancer predisposition has
been noted for CS so far. Two complementation groups (CS-
A and CS-B) have been identified in CS. In addition, some
patients belonging to XP groups B, D and G exhibit
combined XP/CS. Although numerous XP gene products
are involved in the initial steps of both NER subpathways,
XP-C cells are deficient only in the GGR pathway. This
suggests that the responsible gene product of XP-C is
specifically required for the GGR pathway [6]. On the other
hand, cells derived from CS patients display selective
defects in TCR, suggesting that the two CS gene products,
CSA and CSB, are specifically involved in this pathway [7].
As a consequence of TCR deficiency, CS cells are unable to
resume RNA synthesis following UV irradiation [8].
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Although the eukaryotic GGR reaction has been reconsti-
tuted with purified and recombinant proteins in vitro [9–
11], an efficient in vitro TCR assay system is yet to be
constructed. Consequently, the molecular mechanisms of
TCR and functions of CS proteins remain unclear to date.
UV-induced repair labeling studies in cultured cells show
that repair patches generated by the TCR pathway are
tightly associated with the nuclear matrix [12,13]. TCR
has only been detected in cultured cells, suggesting that
cellular structures such as the nuclear matrix may be
necessary for TCR reactions. To construct an in vitro assay
system for TCR, we employed isolated nuclei that maintain
nuclear structure and mimic in vivo conditions.
In this report, we measured RNA synthesis in isolated
nuclei prepared from UV-irradiated cells. Using inhibitors
for RNA polymerases I and II (pol I and II), we evaluated
RNA synthesis catalyzed by each of these enzymes. In
HeLa and XP-C nuclei, RNA synthesis was relatively
resistant to UV irradiation. In contrast, RNA synthesis in
CS-B nuclei was sensitive to UV irradiation. In particular,
the rate of RNA production by pol II was significantly
inhibited. Our results suggest that this novel assay system
can be successfully employed to detect the recovery of RNA
synthesis (RRS) observed in cultured cells in vitro.
2. Materials and methods
2.1. Cell culture
HeLa, GM1629SV (CS-B) and XP4PASV (XP-C) cells
were used in this study. All cells were cultured as mono-
layers at 37 jC with 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) (Nissui) supplemented with 5%
calf serum for HeLa cells and 10% fetal calf serum for XP-C
and CS-B fibroblasts.
2.2. UV irradiation to cells and preparation of nuclear
suspensions
Three million cells were plated on 150-mm dishes. Two
days after plating, cells were washed once with phosphate-
buffered saline, followed by irradiation with 15 or 30 J/m2
UV light (254 nm). Following UV irradiation, cells were
cultured at 37 jC for 30 min, before preparation of nuclei.
Isolated nuclei were prepared as described previously [14].
All subsequent steps were performed on ice. UV-irradiated
cells were washed twice with ice-cold hypotonic buffer (20
mM HEPES–KOH [pH 7.9], 5 mM potassium acetate, 0.5
mM MgCl2, and 0.5 mM dithiothreitol (DTT)) and allowed
to swell for 10 min in 20 ml hypotonic buffer per dish. After
the removal of excess buffer, cells were scraped off the
dishes and disrupted with five strokes in a Dounce homog-
enizer (KONTES) using a tight-fitting pestle. Nuclei were
centrifuged at 4000 rpm (1300 g) for 5 min in a TOMY
MRX-150 centrifuge. Precipitated nuclei were washed once
in hypotonic buffer and re-centrifuged under the same
conditions. Excess supernatant was removed, and nuclei
were resuspended in 150 Al hypotonic buffer per dish.
2.3. RNA synthesis
Nuclear suspensions (30 Al) containing approximately
1106 nuclei were preincubated with 10 Ag/ml a-amanitin
(Wako) and/or 0.2 Ag/ml actinomycin D (Wako) for 30 min
on ice. Standard reactions were performed in a total volume
of 50 Al, comprising 40 mM HEPES–KOH [pH 7.9], 40
mM creatine phosphate, 3 mM ATP, 0.2 mM each of GTP
and CTP, 0.04 mM UTP, 0.1 mM each of dATP, dTTP,
dGTP and dCTP, 40 U RNase inhibitor (TOYOBO), 5 mM
MgCl2, 1 mM DTT, 50 Ag/ml phosphocreatine kinase, 0.1
mg/ml bovine serum albumin, and [a-32P]UTP (74 kBq, 2
ACi). After incubation at 25 jC, RNA synthesis was
measured as radioactive UMP incorporation into acid-
insoluble material, using a scintillation counter. The DNA
content of nuclear suspensions was determined, and RNA
synthesis was expressed as the amount of UMP incorporated
into 1 Ag genomic DNA (see Figs. 2 and 3 for details). DNA
was prepared from nuclear suspensions using a QIA spin
column (QIAGEN).
3. Results and discussion
Earlier studies demonstrated that transcription complexes
are associated with the nuclear matrix, where transcription
was also shown to occur (reviewed in Refs. [15,16]). Since
TCR is a sequential event (from stalled transcription to
repair), the reaction is also likely to occur at the nuclear
matrix. Indeed, it has been reported that the TCR reaction is
closely associated with the nuclear matrix [12,13]. These
findings suggest that the TCR reaction requires a nuclear
context and that an in vitro assay would be difficult to
establish for this reason. In this study, we constructed a TCR
assay system using isolated nuclei that preserves nuclear
structure to some extent. RNA synthesis was measured in
nuclei prepared from UV-irradiated cells.
3.1. RNA synthesis in isolated nuclei
Fig. 1A depicts RNA synthesis in HeLa nuclei measured
by [32P]UMP incorporation. Actinomycin D and a-amani-
tin, the respective inhibitors of pol I and II, were employed
to determine RNA synthesis catalyzed by these two
enzymes. Since RNA synthesis by pol II is inhibited by
low doses of a-amanitin [17], RNA synthesis by this
enzyme was calculated as the difference between UMP
incorporation into untreated and a-amanitin-treated nuclei
(open circles minus closed circles) (Fig. 1B, circle). On the
other hand, pol I is sensitive to low concentrations of
actinomycin D [18], and therefore UMP incorporation in
the presence and absence of this compound (open circles
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and open squares) was used to measure RNA synthesis by
pol I (Fig. 1B, square). Any remaining RNA generated in
the presence of both inhibitors could be attributed to RNA
polymerase III activity. UMP incorporation into nuclei
increased in proportion to the amount of nuclear suspension
(Fig. 1). We employed 30 Al nuclear suspension from
approximately 1106 nuclei in the assays described below.
To compare the results from different preparations, genomic
DNA was prepared from nuclear suspensions and RNA
synthesis was expressed as the amount of UMP incorporated
into 1 Ag DNA.
3.2. RNA synthesis in isolated nuclei from UV-irradiated
cells
Since CS-B cells display a deficiency in TCR and a
delay in RNA synthesis concomitantly after UV irradi-
ation [7,8], we analyzed the relationship between these
two defects using our assay system. Three cell lines,
namely, HeLa, XP4PASV (XP-C) and GM1629SV (CS-
B), were employed. HeLa cells are repair proficient and
XP-C cells are deficient in GGR, but proficient in TCR,
in contrast to CS-B cells. Nuclei were prepared from cells
at 30 min after UV irradiation (15 or 30 J/m2) and RNA
synthesis was measured, as described in Materials and
Methods. Deficiencies in in vitro transcription have been
reported in extracts and permeabilized cells from unirra-
diated CS-B cells [19,20]. However, we detected no
evident reduction in total RNA synthesis in CS-B nuclei,
compared to that in unirradiated cells (compare UV( )
data of Fig. 2A and C). On the other hand, total RNA
synthesis in XP-C nuclei was significantly reduced under
our assay conditions (Fig. 2B), as a direct result of
reduced RNA synthesis by pol I, as described below. In
nuclei prepared from UV-irradiated cells, total RNA syn-
thesis in all three cell lines was reduced in a dose-depend-
ent manner (Fig. 2A–C). RNA synthesis in CS-B nuclei
was more significantly inhibited by UV irradiation than
that in other nuclei (Fig. 2C). The finding that RNA
synthesis in CS-B nuclei is more sensitive to UV irradi-
ation than that in HeLa and XP-C nuclei correlates well
with the observation that CS-B cells display defective RRS
following UV irradiation.
To establish the effect of UV irradiation on RNA syn-
thesis by either pol I or II in each of the cell lines, the
amount of RNA produced was calculated from the data in
Fig. 2A–C and depicted in Fig. 3A (pol I) and B (pol II),
respectively. Nuclei from unirradiated HeLa and CS-B cells
displayed similar levels of RNA synthesis by pol I, but that
in XP-C nuclei was lower (compare circles in Fig. 3A), as
mentioned above. At present, we have no explanation for
the observed decrease in pol I activity in nuclei from this
XP-C cell line. It would be interesting to determine whether
other XP-C cell lines have a similar tendency. RNA syn-
thesis by pol I in HeLa nuclei was inhibited by UV
irradiation at 30 J/m2 but not inhibited at 15 J/m2 probably
because the NER capacity is not enough at 30 J/m2.
Compared to HeLa nuclei, RNA synthesis by pol I in
CS-B nuclei was severely inhibited by UV irradiation, even
at 15 J/m2 (compare squares). Thus, defective RNA syn-
thesis by pol I after UV irradiation contributes to the
decrease in total RNA synthesis in CS-B nuclei. It is
currently unclear whether the CSB protein is involved in
the transcription and/or TCR of ribosomal RNA genes
(rDNA). Earlier studies indicate that the removal of UV-
induced CPDs on rDNA is not coupled to transcription, but
is deficient in CS-B cells [21,22]. Recently, however, TCR
on rDNA was reported in yeast cells [23]. Together with
our results, CSB protein is likely to be involved in the
transcription on rDNA after UV irradiation, although its
mechanism is still unclear.
Pol II-catalyzed RNA synthesis in HeLa and XP-C
nuclei was relatively resistant to UV irradiation (Fig.
Fig. 1. (A) Titration of isolated nuclei. Isolated nuclei were preincubated for
30 min on ice with 10 Ag/ml a-amanitin and/or 0.2 Ag/ml actinomycin D,
and incubated with [a-32P]UTP at 25 jC for 15 min. RNA synthesis was
measured as UMP incorporation into acid-insoluble material. Open circle,
untreated; closed circle, a-amanitin treated; open square, actinomycin D
treated; closed square, a-amanitin and actinomycin D treated. (B) RNA
synthesis catalyzed by pol I and pol II. Square: differences between the
results of untreated and actinomycin D-treated nuclei (open circle minus
open square in A) were used to calculate RNA synthesis catalyzed by pol I.
Circle: differences between the results of untreated and a-amanitin-treated
nuclei (open circle minus closed circle in A) were used to calculate RNA
synthesis catalyzed by pol II.
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3B). In contrast, RNA synthesis by pol II in CS-B nuclei
was extremely sensitive to UV, indicating that the CSB
protein is required for this process. The in vitro chromatin
transcription assay employed in this study basically meas-
ured only the elongation of RNA transcripts initiated in
vivo, since de novo RNA synthesis is poorly initiated in
isolated nuclei [24,25]. Thus, our data suggest that the
CSB protein is involved in the elongation stage of RNA
synthesis by pol II after UV irradiation. Several groups
demonstrate that CSB interacts with RNA polymerase II,
both in vivo and in vitro [26–28]. Moreover, the protein
does not remove a stalled pol II complex from DNA
template, but enhances re-elongation by pol II in vitro
[28,29]. Recently, metaphase fragility at abundantly tran-
Fig. 2. Effect of UV irradiation on RNA synthesis in isolated nuclei. Cells were irradiated with UV (15 or 30 J/m2). Thirty minutes after the irradiation, nuclei
were prepared from the cells. The isolated nuclei were preincubated for 30 min on ice with 10 Ag/ml a-amanitin and/or 0.2 Ag/ml actinomycin D and then
incubated with [a-32P]UTP for 5, 10 and 15 min at 25 jC. RNA synthesis was expressed as UMP incorporation per DNA amount in nuclei. Each point
represents the meanF S.D. of two independent experiments. In some cases, the S.D. is not visible because it was smaller than the size of symbol. (A) HeLa;
(B) XP4PASV (XP-C); (C) GM1629SV (CS-B). Open circle, untreated; closed circle, a-amanitin treated; open square, actinomycin D treated; closed square,
a-amanitin and actinomycin D treated.
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scribed loci was reported in CS-B cells [30], suggesting
that the CSB protein is involved in transcriptional elonga-
tion of structured RNA. The data collectively imply that
CSB may play an additional role in transcription by
enhancing re-elongation by RNA polymerases stalled at
specific loci, such as DNA lesions. Therefore, CS-B cells
display a delay in RNA synthesis after UV irradiation.
Data from this investigation reveal RNA synthesis defi-
ciency in CS-B cells after UV irradiation in vitro and
strongly support the utility of our novel assay system using
isolated nuclei as a powerful tool to analyze complicated
nuclear mechanisms, such as TCR.
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